Objectives: Mycoplasma pneumoniae respiratory infection is a common cause of acute respiratory infection in children and adults. We evaluated the efficacy of increasing dosages of clarithromycin for the optimized therapy of M. pneumoniae respiratory infection in a mouse model.
Introduction
Mycoplasma pneumoniae infection presents as various acute respiratory tract illnesses, including pharyngitis, tracheobronchitis, wheezing and community-acquired pneumonia. Of greatest clinical significance is the prominent role of M. pneumoniae in community-acquired pneumonia and exacerbations of wheezing in both children and adults. Randomized, double-blind, placebocontrolled clinical trials have demonstrated that appropriate antimicrobial therapy significantly decreases the duration of fever, cough, malaise, hospitalization and radiological abnormalities in M. pneumoniae pneumonia. 1 -4 Of note, even though treatment with macrolide, ketolide, tetracycline or peptide deformylase inhibitor antimicrobials significantly reduces pulmonary inflammation in animal M. pneumoniae pneumonia investigations, M. pneumoniae was not eradicated from the lungs in these in vivo investigations. 3 In addition, a recent human investigation found that persistent M. pneumoniae carriage following acute infection is not affected by antibiotic therapy. 5 In terms of pathogenesis, M. pneumoniae is thought to principally act as an extracellular pathogen by attaching to the surface of the ciliated respiratory epithelium. 3 This site of pathogenesis may have important implications in the treatment of M. pneumoniae infection.
Macrolide antimicrobials, such as clarithromycin, are an important treatment option for acute M. pneumoniae pneumonia. It is known that macrolides accumulate in the respiratory epithelial lining fluid in close proximity to the site where M. pneumoniae is hypothesized to exert its pathogenic effect. 6, 7 The treatment effect of macrolides on M. pneumoniae at the site of active infection, specifically the respiratory epithelium, has not been completely characterized. Given the exceedingly low macrolide MIC for M. pneumoniae (in the range of micrograms per litre), it is unclear if antimycoplasma therapy can be optimized by increasing the macrolide dosage. In addition, the effect of escalated dosages of macrolide on markers of M. pneumoniae disease severity, such as pulmonary inflammation, is unknown. While investigations of a similar nature have been reported for organisms such as Streptococcus pneumoniae, the 'atypical' nature of M. pneumoniae warrants specific investigation.
Our laboratory has previously studied various agents and treatment regimens for experimental M. pneumoniae pneumonia. 8 -15 In the present study, we investigated the effect of clarithromycin given at increasing dosages for the therapy of M. pneumoniae pneumonia in our established murine model. Specifically, we evaluated pulmonary histopathological inflammation, bronchoalveolar lavage (BAL) cytokine/chemokine/ growth factor concentrations, airway hyperresponsiveness and quantitative BAL M. pneumoniae culture during the course of treatment with increasing dosages of clarithromycin. Clarithromycin concentrations in serum and BAL (a surrogate marker for respiratory epithelium clarithromycin exposure) were also determined to estimate pharmacokinetic/pharmacodynamic (PK/PD) parameters for the clarithromycin therapy.
Materials and methods

Organism and growth conditions
M. pneumoniae (San Antonio strain S1; isolated 1993; M. pneumoniae subtype 2) was reconstituted in SP4 broth and subcultured after 24-48 h in flasks containing 20 mL of SP4 media at 378C. When the broth turned an orange hue ( 72 h), the supernatant was decanted and 2 mL of fresh SP4 broth was added to each flask. A cell scraper was used to harvest the adherent mycoplasmas from the bottom of individual flasks. This achieved an M. pneumoniae concentration in the range of 10 8 cfu/mL. Aliquots were stored at 2808C. All SP4 media contained nystatin (50 U/mL) and ampicillin (1.0 mg/mL) to inhibit the growth of potential contaminants.
Animals and inoculation
Mice were obtained from commercial vendors (Jackson Labs), who confirmed their mycoplasma-and murine virus-free status. The Animal Resource Center at the University of Texas Southwestern Medical Center performed quarterly health surveillance on sentinel mice housed in the mouse storage room. Antibodies against mouse hepatitis virus, Sendai virus, pneumonia virus of mice, reo-3 virus, mouse encephalitis virus (GD-7), mouse rotavirus (EDIM), minute virus of mice and Mycoplasma pulmonis were analysed. Sentinel mice were also screened for pinworm and mites. The sentinel mice tested negative for these pathogens. Mice were housed in filter-top cages and allowed to acclimatize to their new environment for 1 week. Isoflurane, an inhaled anaesthetic, was used for sedation during inoculation. BALB/c mice (female, 9-12 weeks old) were intranasally inoculated once with 50 mL of 10 8 cfu/mL M. pneumoniae. All mice were housed in the same animal room and received identical daily care. Animal guidelines were followed in accordance with the Institutional Animal Care and Research Advisory Committee at the University of Texas Southwestern Medical Center at Dallas.
Treatment regimen
Groups of mice were treated with clarithromycin (10, 25 or 75 mg/kg) or placebo subcutaneously daily for 12 days, starting 1 day after inoculation. Clarithromycin was reconstituted in sterile 5% dextrose water. Placebo groups received sterile 5% dextrose water. 8 
Experimental design and sample collection
Mice were evaluated after 1, 2, 3, 6 and 12 days of therapy. Samples were obtained from 7-12 mice per treatment group (4 groups: 10 mg/kg clarithromycin; 25 mg/kg clarithromycin; 75 mg/kg clarithromycin; and placebo therapy) at each timepoint from repeated experiments. Mice were anaesthetized with an intraperitoneal injection of 75 mg/kg ketamine and 5 mg/kg acepromazine before cardiac puncture. Blood was centrifuged at 3500 g for 10 min and the serum was stored at 2808C. BAL samples were obtained by instilling 500 mL of SP4 broth through a 25 gauge needle into the lungs, via the trachea, followed by aspiration of this fluid into a syringe. Lung specimens, including the trachea, were collected and fixed for histological evaluation.
Culture
Twenty-five microlitres of undiluted BAL sample and serial 10-fold dilutions of BAL sample in SP4 broth (50 mL of undiluted BAL sample was used for the initial dilution) were immediately cultured on SP4 agar plates at 378C, whereas the remaining undiluted BAL sample was stored at 2808C. Quantification was performed by counting colonies on plated specimens and expressed as log 10 cfu/mL.
Histopathology
The histopathological score was determined by a single pathologist who was unaware of the treatment status of the animals from which specimens were taken. The histopathological score was based on the grading of the peribronchiolar/bronchial infiltrate, the bronchiolar/bronchial luminal exudate, the perivascular infiltrate and parenchymal pneumonia (the neutrophilic alveolar infiltrate). This histopathological scoring system assigned values from 0 to 26 (the greater the score, the greater the inflammatory changes in the lung). 16 
Plethysmography
Whole-body, unrestrained, non-sedated plethysmography (Buxco, Troy, NY, USA) was used to monitor the respiratory dynamics of mice in a quantitative manner after methacholine exposure (measurement of airway hyperresponsiveness). After mice were allowed to acclimatize to the plethysmography chamber, mice were exposed once to aerosolized methacholine (25 mg/mouse); after exposure, plethysmography readings were again recorded. Enhanced pause (Penh) is a dimensionless value that represents a function of the ratio of peak expiratory flow to peak inspiratory flow and a function of the timing of expiration. Penh correlates with pulmonary airflow resistance or obstruction. Penh, as measured by plethysmography, has been previously validated in animal models of airway hyperresponsiveness.
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Cytokines/chemokines/growth factors Concentrations of cytokines, chemokines and growth factors in BAL specimens were assessed using Multiplex Bead Immunoassays (Bio-Rad Laboratories) in conjunction with the Luminex LabMAP system, following the manufacturer's instructions. The assay limits of detection, as per Bio-Rad Tagliabue et al.
Laboratories guidelines, are as follows: interleukin (IL)-1a, 1.1 pg/mL; IL-1b, 0.8 pg/mL; IL-2, 1.1 pg/mL; IL-4, 0.5 pg/mL; IL-5, 0.8 pg/mL; IL-6, 1.1 pg/mL; IL-8, 0.5 pg/mL; IL-9, 0.7 pg/mL; IL-10, 0.9 pg/mL; IL-12p70, 0.5 pg/mL; IL-13, 2.1 pg/mL; IL-17, 0.2 pg/mL; eotaxin, 14.6 pg/mL; granulocyte colony-stimulating factor, 1.1 pg/mL; granulocyte macrophage colony-stimulating factor, 4.5 pg/mL; interferon (IFN)-g, 19.3 pg/mL; monocyte chemotactic protein 1, 6.7 pg/mL; macrophage inflammatory protein (MIP)-1a, 1.1 pg/mL; MIP-1b, 1.1 pg/mL; platelet-derived growth factor, 1.0 pg/mL; regulated on activation, normal T cell expressed and secreted, 1.2 pg/mL; tumour necrosis factor a, 3.0 pg/mL; and vascular endothelial growth factor, 0.5 pg/mL. For statistical analysis, samples with readings below the limit of the standard curve of the assay were assigned a value one-half that of the lowest detectable value.
Clarithromycin concentration
Clarithromycin concentrations were measured in infected mouse serum and BAL samples on the third day of treatment at 1, 2, 4, 10 and 24 h after the third daily administration of clarithromycin in three or four mice per dosage at each timepoint. Clarithromycin concentrations were measured using a Shimadzu HPLC system interfaced with a tandem, triple quadrupole mass spectrometer (API 3000). Serum or BAL fluid samples (100 mL) and an internal standard (roxithromycin) were extracted. The organic phase was evaporated and reconstituted with 200 mL of acetonitrile for injection. Following injection (10 mL), chromatographic separation was performed using isocratic elution on a C18 column at 408C and with a 5 min run time. Clarithromycin and the internal standard were analysed using positive electrospray ionization combined with multiple reaction monitoring. The standard curve was linear (r¼0.9995). The lower limit of quantification was 2 ng/mL. The macrolide MIC for the M. pneumoniae strain used in the experiment was ≤0.008 mg/L (The University of Alabama at Birmingham Diagnostic Mycoplasma Laboratory, Birmingham, AL, USA).
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Statistics
One-way analysis of variance (ANOVA) was used to compare the treatment groups at each timepoint, if the data were normally distributed. In the instances where the data were not normally distributed, the KruskalWallis test was used for comparisons. If a difference was found between groups, then a pairwise multiple comparison procedure was performed. A comparison was considered statistically significant if the P value was ≤0.05. Figure 3 . Airway hyperresponsiveness was assessed by whole-body plethysmography by measuring Penh after methacholine exposure in mice inoculated with M. pneumoniae (Mp) and treated with clarithromycin at 10, 25 or 75 mg/kg/day, or with placebo for 12 days (treatment began 1 day after inoculation). Bars represent results from 7-12 mice per treatment group at each timepoint from repeated experiments. Values shown are the medians and 25th to 75th percentiles (error bars). *P,0.05 between the two specified treatment groups at the timepoint by KruskalWallis test followed by pairwise multiple comparisons.
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Results
BAL culture
After 1 day of therapy, there were no significant differences in the quantitative M. pneumoniae BAL cultures between the placebo and the 10, 25 or 75 mg/kg clarithromycin treatment groups (Figure 1 ). After 2, 3 and 6 days of therapy, significant differences were observed between the placebo and clarithromycin treatment groups, with 75 mg/kg clarithromycin resulting in significantly reduced BAL cultures compared with all the other groups after 6 days of therapy (Figure 1 ). After 12 days of therapy, all three clarithromycin treatment regimens had significantly lower BAL cultures compared with placebo ( Figure 1 ).
Lung histopathology
Significant differences in the lung histopathological score were found between the treatment groups at all the timepoints, as illustrated in Figure 2 . In contrast to BAL cultures after 1 day of therapy, 75 mg/kg clarithromycin resulted in a significantly reduced histopathological score compared with placebo, 10 mg/kg clarithromycin and 25 mg/kg clarithromycin (Figure 2) . While significant reductions in the histopathological score were found at all five timepoints with 75 mg/kg clarithromycin, the 25 mg/kg clarithromycin dose was observed to reduce the histopathological score after 2, 3, 6 and 12 days of therapy (Figure 2) . Compared with placebo, 10 mg/kg clarithromycin did not have a significant effect on the histopathological score.
Airway hyperresponsiveness
Only treatment with 75 mg/kg clarithromycin resulted in a significant reduction in airway hyperresponsiveness compared with placebo ( Figure 3 ). Airway hyperresponsiveness was also significantly reduced by 75 mg/kg clarithromycin compared with 10 and 25 mg/kg clarithromycin (Figure 3 ). Clarithromycin PK/PD parameters Table 1 lists the estimated PK/PD parameters from the clarithromycin concentrations measured in serum and BAL samples from infected mice on the third day of treatment.
Discussion
Macrolide antimicrobials, such as clarithromycin, are often considered the treatment of choice for M. pneumoniae infection. Owing to the fact that clarithromycin MICs for M. pneumoniae are very low, with the clarithromycin MIC 90 for M. pneumoniae being ≤0.001 mg/L, it may be predicted that escalating dosages of clarithromycin would be unlikely to result in greater treatment efficacy, since favourable serum PK/PD parameters can be attained with relatively small dosages of clarithromycin. 24 However, we found that elevating the dosage of clarithromycin used to treat experimental M. pneumoniae pneumonia did result in greater therapeutic efficacy. Elevated dosages of clarithromycin resulted in significantly greater antimicrobial efficacy (reduced quantitative cultures), as well as significantly greater improvement in markers of disease severity (reduced lung histopathological score, cytokine concentrations and airway hyperresponsiveness). Of note, macrolides have been postulated to have host immunomodulating activity; however, past investigations in our laboratory have indicated that the beneficial activity of macrolides in the treatment of M. pneumoniae respiratory tract infection is antimicrobial in nature, as opposed to resulting from a primary host immunomodulation mechanism.
8,9 While we found greater efficacy with increased dosages of clarithromycin in our investigation, it is unknown if even larger dosages would result in further improved efficacy or would reach an upper limit of efficacy for the treatment of M. pneumoniae.
While M. pneumoniae is generally associated with mild-to-moderate community-acquired pneumonia that is selflimited and/or responds well to appropriate antimicrobial therapy, M. pneumoniae pneumonia may also be severe, refractory or, rarely, even fatal. Our group previously investigated the impact of steroids given with macrolide therapy for the treatment of experimental M. pneumoniae respiratory tract infection; we found that the addition of steroid therapy to macrolides significantly improved the outcome of disease parameters. 14 In the current investigation, we identify another therapeutic option (escalating dosages of macrolides) that may also improve the outcome of difficult-to-manage clinical M. pneumoniae infection. Escalated doses of clarithromycin have been advocated for other atypical infections, e.g. clarithromycin at double the standard dosage is sometimes advocated in paediatric non-tuberculosis mycobacterial infections. 25 Of note, we also previously utilized this animal model to evaluate the efficacy of azithromycin therapy given as either a single high dose or divided over 5 days; although both azithromycin regimens significantly reduced the quantitative cultures, lung histopathological score, and pulmonary cytokines and chemokines, there were no significant differences between the two azithromycin regimens. 10 Clarithromycin concentrations were measured in the serum of mice so that comparisons could be made with standard clinical dosages of clarithromycin in humans. Compared with the serum concentrations attained in the mice in this investigation (Table 1) , the maximum serum concentration in adults for an oral clarithromycin dosage of 500 mg twice daily is 2.67 mg/L, with an area under the concentrationtime curve over 24 h (AUC 0 -24 ) of 39.18 mg . h/L. 7 Hence, in this investigation, the maximum clarithromycin serum concentration attained in the mice was 3.3 times greater, while the AUC 0 -24 was 77% (lower) compared with that found in adults with an oral clarithromycin dosage of 500 mg twice daily. An oral clarithromycin dosage of 250 mg twice daily yields an AUC 0 -24 of 12.88 mg . h/L in adults. So the AUC 0 -24 of 30.03 mg . h/L for the 75 mg/kg/day dosage in mice is between the AUC 0 -24 values of oral clarithromycin dosages of 250 mg twice daily and 500 mg twice daily in adults. 7 Hence, the equivalent adult human oral dosage to the 75 mg/kg/day mouse dosage would be between 250 mg twice daily and 500 mg twice daily, based on AUC 0 -24 . A limitation of the majority of animal antimicrobial studies is the inability to exactly replicate human antimicrobial kinetics; however, the clarithromycin values attained in this investigation are within a range comparable with human clarithromycin values. In addition, the degree of protein binding of clarithromycin in mice is comparable with that in humans, making direct comparison of the concentration values between species useful. 6 Importantly, clarithromycin is metabolized in humans to an active antimicrobial metabolite (14-OH clarithromycin) in significant concentrations; this active Escalating dosages of clarithromycin for M. pneumoniae JAC metabolite is absent in mice. 26 This is a notable limitation of this animal antimicrobial study.
Novelli et al. 27 administered various clarithromycin dosing frequency regimens to mice with S. pneumoniae peritonitis and thigh infection, and demonstrated that, contrary to what happens when erythromycin is used, the efficacy of clarithromycin is higher when the drug is administered less frequently and the highest maximum concentration to MIC ratio is achieved. Other investigations of clarithromycin have found that serum AUC 0 -24 /MIC is the most accurate predictor of clarithromycin antimicrobial efficacy. 6, 7 As mentioned previously, macrolides accumulate in the respiratory epithelial lining fluid where M. pneumoniae have a localized pathogenic effect. We measured clarithromycin concentrations in mouse BAL samples as a surrogate marker for respiratory epithelium clarithromycin exposure for the increasing clarithromycin dosages. The BAL clarithromycin levels offer a pharmacological comparison between the dosages; however, due to the dilutional nature of these measurements, it is not possible to estimate actual correlative PK/PD parameters for the epithelial lining fluid. Comparative BAL clarithromycin levels in humans are not available.
Although, currently, macrolides are considered a drug of choice for the treatment of M. pneumoniae infection, macrolide-resistant M. pneumoniae is now a clinical reality in parts of the globe. Macrolide-resistant M. pneumoniae appears to be emerging in the USA as well. 28, 29 In conclusion, despite extremely low clarithromycin MICs for M. pneumoniae and resultant favourable PK/PD parameters at relatively low dosages, escalated dosing of clarithromycin resulted in significantly greater therapeutic efficacy in the treatment of M. pneumoniae respiratory infection. Optimizing macrolide therapy for the clinical treatment of severe or refractory M. pneumoniae infection must be balanced with the possible toxicities that may accompany higher dosages of macrolides.
